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DECLARATION 



I, IVIark Roberts, declare as follows: 



I am the inventor of tiiis patent application. I currently hold the position of 
Professor of Molecular Bacteriology, Institute of Connparative Medicine. 
Faculty of Veterinary Medicine. University of Glasgow, Bearsden Road, 
Glasgow G61 1QH. UK. My Research interests are focused on 
understanding, at the molecular level, the mechanisms by which pathogens 
cause disease and the nature of the immune response to them. A copy of my 
curriculum vitae is attached as Exhibit 1. 

I have been asked to comment on the Examiner's rejection of certain claims 
as being unpatentable (obvious) over Wilson et al in view of Nencioni et a! as 
set forth on pages 5 and 6 of the Official Action of 19 April 2004. I confirm' 
that I have read the Official Action, the patent application, and Wilson et al 
and Nencioni et al. 

My main comment is that it cannot be concluded from Wilson et al that the 
adjuvant activity of pertussis toxin is independent of the enzymatic activity of 
the toxin. There are two reasons for this. 

The first reason derives from the fact that pertussis toxin produces a myriad of 
biological effects by catalysing the ADP-ribosylation of many different G 
proteins (Ui, 1988. The multiple biological activities of pertussis toxin, In 
Pathogenesis and immunity in pertussis, edited by A.C. Wardlaw and R 
Parton, pages 121-145. Exhibit 2). Wilson et al tried to examine just one of 
these effects, namely the elevation of cAMP levels. Thus, even If Wilson et al 
did show that elevation of cAMP has no effect on adjuvant activity (which they 
did not for reasons which I explain below), this would not allow any conclusion 
to be drawn that the adjuvant activity of pertussis toxin is independent of its . 
enzymatic activity. The most that could be concluded is that the adjuvant 
activity of pertussis toxin is probably mediated through an effect of its 
enzymatic activity different from its effect on cAMP levels. This is recognised 
in the last paragraph of the Discussion section, of Wilson et al, where it is 
stated that; 
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Although this experiment is a rather blunt probe of immune regulation we 
consider that CT and PTmay act by an alternative mechanism, such as via 
a common G protein-mediated effect not involving enhancement of 
adenylate cyclase activity. 

5. Thus, even the authors of Wilson et al recognise that, even if their results are 
taken at face value, the effect of pertussis toxin on immune regulation is likely 
to derive from a G-protein mediated effect (i.e. an enzyme-mediated effect) of 
the toxin not involving elevation of cAMP. In other words, the authors 
recognise that the effect of pertussis toxin on immune regulation is likely to 
derive from one of the myriad of non-cAMP related effects resulting from the 
enzymatic activity of pertussis toxin, 

6. The second reason v^/hy it cannot be concluded from Wilson et al that the 
adjuvant activity of pertussis toxin is independent of the enzymatic activity of 
the toxin is that Wilson did not in fact show that they had any produced any 
effect on cAMP levels The relevant experiment described in Wilson et al 
involves feeding forskolin to mice. Forskolin is known to raise cAMP levels in 
cultured cells in vitro. However, Wilson el al does not show that feeding 
forskolin to mice produces elevated cAMP levels or has any other relevant 
effect. All that Wilson et al showed was that the mice got sick. They did not 
show that feeding forskolin had any relevant effect on the immune function of 
the mice. 

7. All statements made herein of my own knowledge are true and all statements 
made on information and belief are believed to be true; and further these 
statements are made with the knowledge that wilful false statements and the 
like so made are punishable by fine or imprisonment, or both, under Section 
1001 of Title 18 of the United States Code, and that such wilful false 
statements may jeopardise the validity of this Declaration, the patent 
application, or any patents issuing thereon. 



Declared this day of September 2004 



Mark Roberts 
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.1. INTRODUCTION 

Bordeiella percusris has long been known to produce an exotoxin (or coxins) 
exhibiting diverse biological activities including those of a lyniphocyiosis^ 
promoting factor (LPF), a hisiamine-scnsiuzing factor (HSF), a haemagglutinin 
(HA)i a mousc^protective andgen (MPA), an adjuvant and a mitogen. An 
additional activity, found Jatex, was inhibition of adrenahne-induced hypergly. 
caemia 2$ observed when the catecholamine was injected inio rata previously 
inoculated intrapcritoneally (ip) with pertussis vaccine (see Ui, 1984^ Ui ei al., 
1984a, b for review). This unique action of pertussis vaccine was explained by 
Sumi and Ui (1975) as mulling from the marked hyperinsuJinaemia induced 
by adrenaline in the vaccine- treated amnul; thus the hyperglycacmia, which 
was oihenvise seen after adrenaline injection, was efTectivdy antagonized by ' 
the unusuaUy large amounts of insulin released in response to the catcchoiaminc 
(Karada and Ui, 1976). The hyperinsuJinaemia resulied from increased insulin 
sccjetion from the pancreatic islets of the vaccinc^treaced rats (Ketada and Ui, 
1977, 1979a,b). Thus, the activity of pertussis toxin as an islet -activating protein 
(lAP) was added co the list of its diverse biological activities (Yajima e; al 
1978a,b). 

lAP was purified from the culture supcrnaie of£. periusiis (Tohatna strain, 
phase I) 10 complete homogeneity (Yajima ei al, 1978a). The fully purified 
protein displayed all the biological activities above described for pertussis 
[0xin(5), i.c, it acted not only as JAP but also as jLPF, HSF, HA, MPA, an 
adjuvant, a mitogen, etc. It is thus remarkable for only one entity to be 
responsible for such a.wide variety of biological activities. The principal purpose 
of this chapter is 10 answer the question of how a single protein could be 
endowed with these multiple functions. 



2. THE A-B STRUCTURE OF PERTUSSIS TOXIN 

Pertussis toxin (PT) is a hcxamer (Mr = 117 000) of five dissimilar subumts 
which were named in the order of decreasing molecular size: Si (M, = 28 000), 
S2 (23 000). S3 (22 000), S4 (1 1 700), and S5 (9300). Exposure of the toxin to 
5 M urea at 4 *t: for 3^ day4 gave four separate peaks upon subsequent column 
chromatography with CM-Sepharosc, two of these peaks were due to SI and 
S5 and the other two were due to dimers (dimcr 1 or Dl and dimcr 2 or D2). 
These two dimers were funher split, by exposure to 8 m urea for 16 h followed 
by DEAE-Sepharosc column chromatography, into their constituent subunits: 
Dl to S2 and 54 and D2 to S3 and S4- Thug, the five subunits were separated 
from each other and purified 10 homogeneity, as revealed by individual sharp 
smglc peaks on SDS-PAGE (Tamura ei al, 1982). This two-step procedure 
was essential for quantitative resolution of the holotoxm into the consiirucnE 
subunjts, since S5 was too labile to survive the process of exposure to S M urea. 
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Based on the relative colour intensity of the individual subunits stained after 
SDS-PAGE, the molecular ratio of these subunits in the toxin molcciiJc was 
.. calculated as 1 (Si) : 1 (52) : I (S3) : 2 (S4) : 1 (S5). 

Reconsiitution of the original loxm moiccate was next undertaken from these 
purified subunits. Combination of S2 with S4 or of S3 with S4 in 2 m urea 
yielded Dl or D2, respectively. No dimcr was formed from any other combi- 
nation. Combination of Dl with D2 faUed to form a tctramer, but the further 
addition of S5, but not Si, to the mixture of Dl and D2 was effective in 
producing a pcncamer, which exhibited no islet -activating activity when injected 
into rats. S5 is thus referred to as the C subunit because it coaacccs two dimers. 
The subunit structure and the biological activity of the holotoxin were then 
recovered by further combination of SI with the pentamer (Tamura « al 

mi). 

The native toxin that had been exposed to urea under milder conditions (5 m 
urea at 4 ''C for only 6 h) was applied to a column of haptoglobin-Sepharose. 
A single sharp peak of the protein that passed through the column was identified 
as SI, while the pentamer was bound lo the column and then eluted by 0.5 m 
NaCl plus 3 M KSCN, again as a sharp peak. Thus, PT was readily dissociated 
to SI and the pentamer. SI was enzymaiicaUy active as shown below. Hence, 
this subunit should be referred to as an A(Active)-proromer. The pentamer 
appeared to be a B(Bmding)-oUgomer, because the interaction of PT with 
haptoglobin, a sialoprotein, was considered by Irons and MacLennan (1979) to 
afford a model system for the toxin bindmg to the target cell surface. We have 
thus proposed the A-B svucture of PT (Tamura ei cL, 1982). 

The genes coding for these five subunits of PT were cloned and sequenced 
by Lochi and Keith (1986) and Nicosia et al (1986). The genes are clustered 
within 3.2 kUobases in the order of Si, S2, S4, S5. and SS. All subunits comain 
signal pepudes of variable length. The molecular weights calculated for the 
matured subunits were in good agreement with the values esumaicd above 
.from their mobiiiacs on a SDS-PAGE, Subunits S2 and S3 share 70% amino 
acid homology. Thus, the t^^o dimers, Dl and D2, must be very closely related 
to each other ia amino acid composition, although their roles in the B-oligomer 
functions arc distinct (Section 6.2). 

3. ADP-RIBOSYLTRANSFERASE ACTIVITY OF THE A-PROTOMER 

OF PT 

3-1 Early studies oa islet activation by PT 

An outline of the early lAP studies is as foUows. Cyclic AMP (cAMP) is the 
second messenger for insulin secretion, which in turn is the target of PT (lAP'i 
m pancreatic islets both m vivo and in vitro (Katada and Ui, 1979a,b, 1981b)! 
P-Adrencrgic stimulation of insulin Secretion was aiiributed to mcreascs m 
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cAMP in cells reflecting activaiion of adenylate cyclase, while a-adi«nergic 
inhibition of the secretion resulted from inhibition of the cyclase giving 
decreased cellular cAMP. For the adcnybu cyclase inhibition by a-adrentrgic 
receptors, the receptors were later found to belong to the ai-subtype (Yamazaki 
et ai, 1982), and were selectively modified by PT. No inhibition of adenylate 
cyclase was observed when a2-adjrenexgic receptors were stimulared in islets 
that had been exposed to a low concentration of the toxia for several hours in 
vitro Or in islets fpoxn rats that had been injected wiih a small anioun[ of the 
toxin several days before (Kaiada and Ui, 1979a,b, 1981b;. 

The action of PT was not restricted to the a2-adrenergic receptor system 
in pancreatic jsjeis. Somatostatin-induced decreases in islet cAMP were also 
abolished by lAP ircBcment of the cdh (Katada and Ui, i979a, 1981b), More- 
over, ai-adrenergic, muscarinic, cholinergic, adenosine (Ai) or opiate receptor- 
mediated decreases in cAMP (or inhibitjon of adenylate cyclase} were effectively 
reversed by prior treatment of xai heart cells (Hazeki and Ui, 1981), rat adipose 
cells (Murayama and Ui, 1983, Murayama ei a/., 1983), or NGJ08-15 cells 
(Kurosc « aL, 1983) with PT. ThiiB, the receptors for which srimulauon causes 
inhibition, rather than activation, of adenylate cyclase proved to be the target 
of PT in a variety of cells (Ui ei al., 1984flr^). 

Although the receptor (target of PT) was solely localized in plasma 
membranes (Kaiada and Ui, 1981a, Katada ex a/., 1982), earlier attempts to 
obtain direct effects of dxe toxin by itself on membranes were unsuccessful. 
The addition of NAD (together with ATP) was soon found to be a prerequisite 
for the toxin to exert its direct infiuencc on isolated membranes (Katada and 
Ui, 1982a,b)- 

These findings led to our discovery of ADP-nbosyltranafcrase activity of PT 
as will be described next. 



3-2 ADP-iibosylcransferasc and NAD-gJycohydrolase acdvitiea 

The reason why NAD is indispensable for devclopmem of the direct acuon of 
PT on cell membranes was studied by the use of NAD differentially radiolab- 
elled at various sites m the molecule (Katada and Ui, 1982a,b). Membranes of 
rat C6 glioma cells were first incubated wiih the radioactive NAD in the 
presence of PT and then dissolved in SDS lo be further analysed for radioactive 
proteins by SDS-PAGE. A protein wi;h the value of 41 000 wag labelled 
when membranes were incubated with NAD in which the adenine, a-P of the 
ADP.or cither of the two ribose moieiies was radioactive. No radioactivity was 
mcorporatcd, however, into any membrane protcm if [»K:-mcounamidejNAD 
was used. When membranes were first labelled with {a-32P]NAD and then 
mcu bated with snake venom phosphodiesterase, the radioactivity once incorpor- . 
ated into the 41 000 protein was released as 5'-AM]^-. Thus, PT catalysed 
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Multiple Biological ActivirUs of Pertussis Toxin US 

chc transfer of the ADP-nbosyl moiety of NAD to, or ADP-ribosylaiion of, 
the membrane protein of M, 41 000. 

The ADP-nbosyltransferase also catalysed the hydrolysis of NAD (NAD- 
glycohydrolase activity) at a detectable, though Jow, rate in the absence of an 
appropriate acceptor such as membrane protein. In fact, the SI subunii 
displayed NAD-glycohydroiase activity in the absence of membranes, but only 
if disulphide bonds in the Si pepddc had been cleaved by prior incubation 
with dhbiodireitol (Katada ei j/., 1983). Thus, SI is the A-protomer in the 
sense that ir is the /leave component of the toxin. ADP-ribosylation of C6 cell 
membranes was, however, caused by the holotoxin itself as well as the isolated 
SI subunit as described above. In this case, ADP-ribosylation occurred even 
in the absence of dithiothreitol but was markedly reduced by oxidized gluta- 
thione. ATP was essential for the holoioxiin, but not for the isolated A- 
proiomer, to display ADP-ribosyitransferasc or NAD-glycohydroIase activity. 

Taken together, these results indicate that PT must necessarily undergo an 
intracclJular processing to yield an active enzyme molecule. The processing 
may involve an ATP-mduced release of the Si subunit which is then, reduced 
by an intracellular oxidoreduciasc to be further converted to an active ADP- 
riboayhransferase. The processing enzyme was localized m, or firmly bound 
to, membrane preparations from C6 cells, but was missing in the preparations 
from rai heart (Kurose and Ui, 1983) or pancreas. Therefore, we have had to 
use the A^protomer prcactivaicd with dichiochreiiol, or the holotoxin preacii- 
vatcd by ATP plus dithiothreitol, in experiments with these latter membrane 
preparations. 



3.3 Characterizatioa of the target protein 

ADP-ribosylation of the membrane protein of Mc 41 000 by (the A-protomer 
of) PT was investigated as follows (Ui et al,, 1985a; 1986a). 

1. C6 cell membranes were ftcst incubated wiih [a-"P]KAD and PT and then 
mcubated with trypsm to cause hydrolysis of membrane proteins including 
the ADP-nbosylated = 41 000 protein. The labelled proteins were separ- 
ated by SDS-PAGE. The uyptic digestion pattern of the ADP-ribosylaicd 
protein was profoundly affected by non-hydrolysable GTP analogues 
OGpp(NH)p and GTP^S) or NaF added simultaneously with the trypsin. 
Thus, the M, = 41 000 protein is a GTP-binding protein to which fluoride 
ions also bind selectively. 

2. Incubation of C6 cell membranes with [a^^pj^^D and the A,-3ubumi of 
cholera toxin resulted in ADP-ribosylation of membrane proteins of Mx - 
45 000 and 52 000 which were distinctiy different from the PT substrate 
protem of M, 41 000. The cholera toxin substrates also proved lo be GTP- 
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binding proteins, because their susceptibilUy to tryptic digesuon waj' 
inflxuiced by GTP analogues. 

3. The ADP-ribosylation of membrane proteins in the presence of the A- 
prototner of FT and [ot-^^P]NAD was compared between membranes {tcih) 
cells (tojun-ireated cells) which had been exposed to PT and those from 
ceils Cconirol cells) that had not been exposed lo Ujc loxin. Much less' 
radioactivity was detected in the Mr = 41 000 protein in mcrabranes from' 
toxin-treated cells than in mcrobranes fiona control cells. This reflects the^ 
previous ADP-ribosylation of the same protein with mtracellular non-radio-' 
acuve NAD during incubauon of intact cells with PT. Thus, PT is capable, 
of ADP-dbosylating the membrane protein even when it is added to intact.^ 
cell preparations and ic acts in uvo, 

4. Some membrane receptors fire coupled to adenylate cyclase in an inhibitory' 
fashion, i.e. stimulation of these receptors by agonists causes decreases ki 
cAMP in cells as a result of the inhibition of adenylate cyclase, and this 
inhibition is observable in membranes prepared -Lhercfrom. In ceils exposed:; 
to increasing concentrations of PT prior to receptor atiraulailon, the! 
decreases in cAMP (or the inhibition of adenylate cyc.Use activity in.: 
membranes from these cells) caused by the subsequent addition of receptor.; 
agonists became smaller as the conccntradon of dxe loxin, to which the cells'! 
had been exposed, increased. The ADP-ribosylation by PT of the Mf 
41 000 protein in membranes from these toxin-treated cells also increased,- 
progressively, in parallel to the attenuation of adenylate cyclase inhibition, 
as the concentration of die toxin increased. The degree of ADP-xibosyJation':, 
occurring in cells in response to pertussis toxin was well correlated with the J 
toxin-induced attenuation of the inhibition of adenylate cyclase. Taking : 
advantage of the strategy developed in (3) above, the ADP-ribosylation of ' 
the Mr = 41 000 protein by PT was shown to be responsible for the toxin- ' 
induced reversal of receptor-mediated inhibiuon of adenylate cyclase in: 
intact ceils as well as in isolated membranes. 

Thus, the Mr = 41 000 protein Serving as the substrate of PT proved to ; 
be the GTP-binding protein (currently referred to as Gi or N, where the ; 
subscript t siands for 'inhibitory') which acts as a transducer to couple' 
receptors to the adenylate cyclase catalytic proiejn in an inhibitory fashion : 
in membranes. G, loses its function as the transducer after being selectively 
ADP-ribosylatcd by PT. This is exactly the mechanism of fiction of PT in ; 
its rdle as LAP. The protein ADP-ribosylaicd by cholera toxin proved then 
to be Gi or No (where the subscript j stands for 'stimulatory') which mediates 
receptor-coupled activation of adenylate cyclase. A proposal has been made : 
for possible ADP-ribosylation of Gi by endogenous ADP-ribosyiiransferasc ; 
in rat liver under certain pathological conditions, though the cn2yme still 
remains to be characterized (Itoh et al, 1984; Ui ei al, 19fi5c). 
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4. DUAL FUNCTIONS OF THE B-OLIGOMER OF PT 

4.1 A-prototner-tTflnspoxiing activity 

. The rdle of the B-oiigomer moiety in the action of PT was studied by the use 
of antibodies which selectively interacted with certain domains of the toxin 
molecule (Tamura et al, 1983). Polyclonal antibodies were raised in rabbits 
against PT holotoxin, its Sl-subunit (A-protomer) and its B-oligomer. The IgG 
fractions isolated from these antisera interacted with their antigen sclcctiYcly; 
die ami-holotoxin IgG bound to both the A-protomer and the B-oligomer of the 
toxin, while the anii-A-pcotomer and anti- B-oligomer IgGe immunoprecipitatcd 
only with the A-protomer and the B-otigomer» respccuvely. 

Co cells were exposed to a. fixed concentration of PT in the absence or 
presence of increasing concentrations of these IgG preparations. GTP -depen- 
dent adenylate cyclase activity of membranes prepared from the cells exposed 
to the loxin alone was greater than the activity of membranes from the conuol 
cells (not exposed to the toxin) due to ADP-ri^'-josylarion of the membrane G, 
protein. Thr^e effects of PT were suppressed progressively when the concen- 
tration of antibodies simultaneously added was bcreased. The anti- B-oligomer 
IgG was as effective as the anti-A-proiomcr IgG m this regard, whereas normal 
serum IgG failed, to inhibit the actions of the toxin. 

Direct action of PT on isolated C6 cell membranes was next studied in the 
presence of NAD and ATP, Simultaneous addition of the anti-A-protomer IgG 
interfered with the toxin-induced increases in the GTP-dependent adenylate 
cyclase activity and ADP-iibosyladon of the membrane Gi. In contrast, no 
interference was observed with the anti-B-oligomer IgG, Thus, the B-oligomer 
moiety plays an indispensable role in the intcracdon of PT with intact cells, 
but is not required for its direct interaction with isolated membranes. 

The actions of FT to increase GTP-dependent adenylate cyclase and to induce 
ADP-ribosylation of Gi in intact C6 cells were antagonized by the isolated B- 
oligomer, which by itself was without effect in these cells. The antagonism was 
*coxnpetiuve' in nature; i.e. the dose-response curves for the holotoxin were 
shifted to the right by the isolated B-oligomer simultaneously added in a single 
dose. The B-oIigomer is likely to occupy the same sites as the holotoxin on the 
Cell surface. Thus, the mdispensablc role of the B-oli^mcr in the action of PT 
on intact cells can be readily accounted for by the binding of the holotoxin 
through its B-oligomer moiety. The B-oligomer probably binds to particular 
glycoproteins on the cell surface as the first step of the interaction of PT with 
intact cells. The slow internali2ation of tJhe membrane glycoproteins may then 
afford a means for the toxin to traverse the plasma membrane eventually 
reaching the cyiosolic side where a processing occurs (as described in Section 
3,2) to convert the toxin to its active form of ADP-ribosyhransferase. The 
dc£niie lag time necessarily preceding die onset of the action of PT on intact 
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cells (Katada and Ui, 1980) is very Ukcly to reflect the dme of ihis imernalizatioh 
of the town moJrcuJe because the lag time became longer as die tempcrflrufc 
was lowered to slow down the internaloation rate (Katada and Ui, 1980). 

4.2 Mitogenic action 

The addition of PT to mouse or rat splenic ceUs increased the incorporauon of 
[3H]thymidinc into DNA fractions in these cells (Tamura a aL, 1983). This 
niitogcnic action of the hoJoioxin was reproduced by the isolated B-oligomer 
of the toxin; it was due to binding of the B-oIigomer to the cells. The B- 
oligomer was as active as, or occasionally even more active than, the holotoxin 
as mitogen. There was no effect seen in the splenic cells from thyraus-dcficieni 
nude mice. Thus, the B-oligorocr of PT is a potent T-celi mitogen. The 
oligomer was bound to the T-ccU surface via irs mo constituent dimcrs, Dl 
and D2, as evidenced by competitive inhibition of the B-oligomer-induced 
mitogenesis by either of these two duncrs. Neither Dl nor D2 was mitogenic 
by Itself. It is very likely, therefore, that the "divalent' binding of the 
oligomer to the T-ccIl surface via two dimcrs results in cross -linking of glyco- 
proteins leading to T-Iyrophocytc proliferation. 

Croaa-linking of membrane protcms by concanavalin A, another T-cell 
milogeo, is known to cause stimulation of glucose oxidation in adit>ocytes 
Glucose oxidation was stimulated by PT also, bur not by DI or D2, confirmihg 
our idea that cross-linking of membrane proteins is responsible for the mito- 
genic acuon of the B-oIigomcr (Tamura « al,, 1983). The B-oligomcr exhibited 
no detectable activities in vivo when injected into rais, however, probably due 
to its instability in the circulation. 

Thus, the B^Jigomer has dual functions: one as a carrier of the A-protomcr 
which 13 responsible for ADP^ribosyJauon of proteins inside the membrane of 
target cells and the other as a mitogen of T-cells (or other cells) in which AOP- 
ribosylation by the A-protomer is not involved. The following section (Section 
5) of this chapter will be devoted to the important question of which of these 
two functions is involved b each of the multiple actions m vivo of PT The 
different mechanisms of B-oligomcr binding to ihc cells involved m these two 
functions will be described in Section 6. 



5, MULTIPLE MECHANISMS FOR THE BIOLOGICAL ACTIVITIES 

OF PT 

5,1 Chemical modification of free amino groups 

The biological activities in vivo and in vitro of PT were profoundly affected by 
chemical modification of free amino groups of the lysine residues m the toxm 
molecule. After being acylated (acctylated, maleylatcd or succinylated) the toxin 
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exhibited no biological activity in vivc^ because of destruction of its quanemary 
structure (Nogimori et a/., 1984a). Acetamidination wae a milder modification 
of the same amino groups; the subunit assembly of the toxin was maintained 
after the exhaustive (80-90%) acetamidination of lysine residues^ as revealed 
by unaltered patterns of gcl filtration and disc electrophoresis (Ui ei aL , 1985b). 
Sonc of the other anaino acid residues was modified in the tosan molecule 
under the same conditions, 

Acetamidination of PT was therefore promising as a means of differential 
jnodificaiion of biological activities of the toxin. The toxin fully acctamidinatcd 
acted as an lAP, equally potent end active as the native (immodificd) toxin, 
i.e. as much insulin was accreted in the acctamidinatcd toxin-injected rats as 
in the native toxin-injected rats in response to glucose load. The lAP action of 
PT is solely dependent on ADP-ribosylation of G, in islet cells by the A- 
procoraex which has been transponed into the cells by means of the B-oHgomer 
binding. Thus, acetamidination of the toxin molecule did not interfere with 
functions essential for the developmcm of the lAP action. These functions are 
related lo: (1) the binding of thic B-oligomer to the target cell surface to transport 
the toxin into the cells; (2) the susceptibility of the toxin thus transported to 
intracellular processing; and (3) the ADP-ribosyltransfcrase activity of die A- 
protomer after being processed. In sharp contrast, neither the holotoxin nor 
the B-oIigomer caused mitosis after these proteins had been acctamidinatcd. 
Thus, €-amino groups of the lysine residues should be maintained unmodified 
for the B-oHgomcr to bind *divalencly' to the membrane glycoproteins for 
mitogenic activity. 

5.2 Claasification of biologkal acnvirics of PT by ihcir susceptibility to 
aceiaaudinadoa of lysine residues 

Diverse biological activitiea in lAvo and m vitro of PT were studied either before 
or after acetamidination of the toxin. The activities could be segregated into 
four classes (Oass 1 to Class 4, Table 1) which showed different susceptibilities 
to acetamidination (Nogimori et aL, 1984b; 1986a) and which presumably 
reflect different mechanisms of action. 



• BIOLOGICAL ACTIVITIES 



mps 

PT were profoundly affected by 
f the lysine residues in the toxin 
cylated or succinylated) the toxin 



S.2.1 Activjttes not impoired by aceiamidinarion: ^Class J' activities 

Acctamidinatcd PT was as effective as the native toxin in causing ADP-ribosyl- 
ation of membrane Gi when isolated membranes were incubated with these 
toxins in the presence of NAD (l.a, Table I). Thus, the foregoing statements 
((2) and (3) in Section 5.1) were confirmed, i.e. the processing of the holotoxin 
to yield an active ADP-ribosyltransfcrase, together with this enzymic activity 
itself, was not impaired by acetamidination of the toxin molecule. 
The 'Class V effects of PT in vitro on intact cells (l.b,c,d, Table 1) also were 
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Table 1 CUssificaiion of biological acu vines of pertussis toxin 



I" 



m 



i'.; ■ 

h 

i 



Class Biological activities 



Attenufluon by 
aceramidiiiation 



(a) ADP-ribofiyJation of G-prot^ixs No 

(b) Potcuuriuon of adenylate cyclase No 

(c) Stimulation of insiUiji secretion No 

(d) Stimulation of glycerol release No 

(e) Intxibition of adrenaline hypergJycacmia No 
(0 Potentiation of hypciinsulinaemifl (JAP acdvity) No 

(g) Hypotensive activity 

(h) Poaicivc inotropic activity js/^ 

. (a) Mitogcnic acriviiy - Ycs 

{h) Stimulation of glucose oxidation Yes 

•(c) Promotion of lymphocytosis Yes 

'td) Increase in vascular permeability Yc3 

*(c) Histaminc-Bcjuitizing acuvicy Yes 

if) AdjuvanT activity y^j 

Inhibition of histamine release Yes 

HacmaggJwunin activity Ko 



not influenced by acctamidinauon. These effects arc due to ADP-ribosylatiop 
of Gi in these cells; G„ upon being ADP-ribosylated, loses its function to. 
mediate receptor-linked inhibition of adenylate cyclase. The cypical receptors 
involved in the inhibition include a2-adrenergic and Ai-adenosine receptors. 
The loss of the Gi funciion is involved in mcreased GTP-dependcnt adenylate- 
cyclase activity in membranes from roxin-ireared C6 cells (Katada ei ai, 1982). 
The cyclase activity increased to the same level whether the cells had been - 
exposed 10 the nacive or aceramidinaied toxin (Lb). The Gi-mediatcd inhibition " 
of adenylate cyclase is responsible for the inhibition of insulin secretion from 
isolated pancreatic islets observable upon the addition of adrenaline (an or 
adrcncrgic agonist) to the ccUs and in the inhibidon of glvcerol release from * 
adipocytes in the inevitable presence of endogenous adenosine. Since the Gi^*: 
mediated inhibition was reversed by PT, more insulin or more giyccrol was"- 
released from islets (I. c) or adipocytes (l.d), rcspcciively, with PT in the pre- 
incubation medium than in its absence. The acetamidinatcd toxin was as c/fec-' 
live as the native toxin in this regard. PT has to enter the cells bv virtue of • 
the B-oligomcr binding to the ceil surface before G, is ADP-ribosylated m intflct. 
cells. Thus, the equal effectiveness of the acetamidinatcd toxin to the native, 
toxin on intact cells supports the foregoing notion ((1) in Section 5.1) that aoi 
free amino groups are required for the bindmg of the B-oligomer to the target 
cell surface to translocate the toxin into the cell. 
Some of the actions m vwo oi PT survived the acetamidinauon process; 
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No 




Ko 




No 
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No 


a {TAP activity)' 


No 




No 




No 




Yes 




Yes 
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Yes 




Yes 
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(Nogiinori et aL, 1984bi l.e,f,g,h> Tabic 1). These actions must result from 
I y\DP-ribosyUtion of G* cr other toxin-sensidve GTP^-binditjg proteins (see 
I Section 7 below) in target ceils. They include hypotension (Lg) and positive 
I inotropism (I .h) (and chronotropism) observed for 1-2 vceks following a single 
injection of the native or acetanjidinaied toxin into spomaneously hypertensive 
rats. Enhanced 3 -adrenergic responses to endogenous carccholaraincs arc in ail 
iilcelihood involved in these cardiovascular effects of the toxin, since the effects 
were antagonized by p-adrcncrgic antagonists. Probably, the function of G; 
negatively coupled to cardiovascular P-adrcnergic receptors (Murayama and 
Ui, 1983; Ui ei aL, 1984d) was abolished by the toxin-caralysed ADP^ribosyl- 
ation. Thus, these actions of PT in vivo^ together with the adrenaiine-hypergly- 
-caemia-inhibitory (l.e) and hyperinsuiinaemia- inducing (JAP, l.f) actions, 
came into the same category of 'Class V in Table 1 . 

5.2.2 Acaviiiis aholisked by ac€tam\d\naiion: 'Class 2' activtries 

The fcregoijag idea (sec Section 5. 1) that unmodified lysine residues arc essential 
for the B-oligoraer to bind to cells in a divalent manner was conftnned by 
marked attenuation of the insulin-iike action of PT on adipocytes which also 
depends on cross -linking of membrane proteins caused by divalcntly bound 
toxin molecules (2.b, Table 1). The same actions of the isolated B-oIigomer on 
lymphocytes and adipocytes were also suppressed by acetamidination of the 
protein. Thus, we propose that the biological activities of PT that were severely 
impaired by acetamldination of the toxin tnolecuk rcsuh from stimulation of 
cells due to divalent binding of the B-oligomer to membrane proteins. These 
activities including iymphocytosis-promoting (2.c, Table 1), histzmine-sensi- 
tizing (2.e) and adjuvant (2.f) activities of pertussis toxin arc listed luidcr 'Class 
2' in Table I. 

The *Class 2' activities were also distinct from the 'Class T activities in that 
much higher concentrations of PT were required for development of activities. 
Large amounts of the B-oligomer arc probably needed for cross-linking of 
membrane proteins, whereas ADP-ribosylation proceeds in a manner catalyt- 
icaljy dependent on a very few molecules of the A-protomcr that have been 
internalized by the aid of the B-oligomcr at the 1:1 molar ratio. 

The widely known action of PT to promote lymphocytosis depends on its 
direct action on lymphocytes (Sugunoto et aL, 1983), in which the same mech- 
anisms aic involved as in the mitogcnic action of the toxin (2. a). Stimulation 
of lymphocytes would trigger certain immune reactions leading to facilitated 
antibody formation (the adjuvant activity). Moreover, the endothelial cells of 
pulmonary vessels would contract and shrink, upon stimulation by PT, permit- 
ting outward passage of plasma proteins and fluid into the exiraceJluiar spaces 
(the increase in vascular permcabiluy, 2.d in Table 1). This would be respon- 
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sibic for the toxm-induccd increase ui hisramine death (the activity as HSF),,., 
The ifljcciion of histamine into the loxin-trcated rodents results in hyperinsulin^i 
acrnia ajod hence hypoglycacmia by the same mechanisra as for 'Class V ZQixvy-^ 
ties (Yajima ez aly 1981). Although this hypoglycaemia is panly respon5iblei| 
for the toxin^induced enhanccnieai of histamine deaths the increased vascuiai;'^, 
permeability is raoie iinponant, since the activity of the toxin as HSF was still| 
observed even when hypoglycaemia wa5 prevented by glucose infusion into the^l 
animal- Since cAMP is inhibitory, rather than scbonulatory, to the celluiarl 
responses that play essential r6ies in development of irntjmnc or inflammatoryv| 
reaaions, it is unhkcly that the A-pioiomcr which acts to increase the ccllulatf 
cAMP content is involved in these *Class 2* aciiviues of PT. 



i 



5,2,3 Oiher posstble mechamsms in certain biological activitUi of PT 

Induction of histamine release from rat mast cells by compound 48/80 was | 
strongly inhibited by prior ejsposure of the cells to PT (Nakamura and Ui,;i 
1983). The potency of the toxin to inhibit the histamine secretion was markedly 5 
di/ninished by acctaniidination of the lysine residues in the toxin moleaiie| 
(Nogimori ei ai, 1984b), indicating that the activity should fall into the ca(cgory.| 
of *Qas3 2' in Table 1. Our recent study has shown, however, that the toxin- " 
induced inhibition of histamine secretion, just like the 'Class 1' activities of the j 
toxin, arose from ADP-ribosylation of GTP-binding proteins by the A-protomef 1 
of PT (Nakamura and Ui, 1984, 1985). This action of PT was not reproduced j 
by its B-oligomcr separated from the A-protomcr. Furthermore, the conccn-i| 
trations of PT required to cause this action were much lower dian those rcquircd| 
for other 'Class 2' activities. Thus, the mechanism for this toxin activity may| 
belong to 'Class 1' while its susceptibility to acctamidination makes it rcasonablo-l 
to bring this activity under the category of 'Class 2\ It is therefore cla3si6cd| 
as*ClBS6 3' in Tabic 1. j 

Mast cells, or basophils, originate from the haematopoietic stem cells and;? 
are involved in inflammatory and immune responses. The B-o!igomcr of PT| 
might bind to the surface of these blood cells in a manner somewbai different J 
from its binding to non-blood cells such as pancreatic islets. This type of| 
binding might be unique in depending on the lysine residues which are acei- 
amidinated under the conditions employed in the present study. 

Neither a monomer nor a dimer that constitutes the B-oligomer moiety oC| 
PT exhibited, by iisejf, any of the biological activities discussed above. The 1 
haemagglutinin activity was an exception; DJ was as effective as the native. ^ 
toxin in this regard (Nogimon tff aL, 1986a). Thus, the mechanism for thc| 
haemagglutLoin activity of PT must be distinct from the mechanism for either^ 
the 'Class 1* or *Cla6S 2' activities. It is therefore placed under *Class 4' in ^ 
Table 1. This activity was not affected by acctamidination of the lysine residues \ 
in the peptides. 



0 
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6 DUAL MANNER OF TOXIN BINDING TO TARGET CELLS AS 
REVEALED BY HYBRID TOXINS 

6.1 Prepajcation of hybrid toxins 

The foregoing results (Section 5) obtained wdth acctamidinatcd PT revealed 
thai tv^o major mechanisms are involved in the diverse biological activities of 
the toxin. The relative roles of constituent subuaits b these differential mechan- 
isms have been further studied with hybrid toxins in which particular subunits 
were selectively modified and others left unaltered (Nogimcri st ai^ 1986b). 

Reductive mcthylation was adopted, instead of accramidination, for this 
purpose, since methylation proceeds irreversibly under milder conditions 
(Nogimori et a/., 1986b). Thus, the reductive mcthylation of PT was done by 
exposure of the protein to 10 now formaldehyde in 15 mM pyridine borane, a 
nyld reduciag agentj at pH 7,0 for 2 h in an atmosphere of nitrogen. Over 
90% of the amino groups of the lysine residues in the toxin molecule were 
dimethylatcd but none of the other constituent amdno acids, including cysteine, 
was modified under these condidons. The resultant methylated PT exhibited 
the same biological acriviues as did the acetamidinaied toxin; u was as effective 
as the native toxin in inducing the *ClflSS 1* and 'Class 4' activiues but did not 
exhibit the 'Class 2* and *Class 3' activities (sec Tabic I). 

The methylated toxin was resolved into the^A-protomer and B-oIigomcr by 
maintaining the toxin solution in 4 M urea for 6 h a: 4 '*C. The A-protomer 
was adsorbed by a coluiim of DEAE-Scpharosc and then elutcd therefrom as 
a single peak with a Imear gradient of 0-0,5 m NaCl. The methylated B- 
oligomer that passed through the column was further resolved into Dl, D2, 
and S5 by exposure to 5 m urea for 24 h at 4 *C. These methylated monomers 
and dimcrs were purified by application of the urea soluuon to a column of 
CM-Sepharose. Each of them gave a sharp single band on disc elearophoxesis 
with the same migration rate as the corresponding native protein. These methyl- 
ated components were then cross^combincd with the components derived from 
the native toxin to afford four kinds of hybrid toxins with compositions and 
yields as shown in Table 2. 



6.2 Essential rdle of the lysine free ainuao groups in dinier-2 biaduag 

Hybrid toxins thus prepared as shown in Table 2 were analysed for their 
biological actividcs. AH the hybrid toxins tested, as well as the methylated PT, 
caused the same degree of glycerol release as did the nauve toxin in a similar 
dose-dependent manner with concentrations from 1 to 200 ng/ml. As mcndoned 
above, sumulation of glycerol release from adipocytes, like insulin release from 
islets, is one of the assay systems for ADP-ribosylation of Gi by the A-protomcr 
transported and processed after the binding of PT via the B-oligomcr to the 
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Table 2 Co0ipoai6on3> yields, and xziitogcmc acuviiies of hybhd loxins 



Meihylation of coniponenis 

Abbreviations* ™ 

A-protomer Dl D2 C-aubunit 



Yield (%) 



Mirogeai* 



H-AC 
H-Dl 
H-D2 
H-DD 



yes 
ao 
no 
no 



no 
yes 
no 
yes 



no 

ZK) 

yes 
yc8 



yc3 
no 

DO 

no 



45.8 
42.9 
57.6 
30.1 



• Abbrcviaoons of hybnd toxim *re »uch that H (hybrid) is followed by xht coOTpoiwnta itut 
are methyloicd. A, C, Dl, D2, and DD reprceeni xh,t A-protomer, C-JUbunif (S5)> dimtx I 
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cells. Thus J iht previous conclusion (Section 5.2.1) was again coofirmed ihat ih^ 
free amino groups in peptides are noc essenual for the A-procomcr-traniporung 
activity of the B-oligomer or for the development of the ADP-iibosykransferasi- 
aciiviiy of the A-proiomer of FT. In fact, oiJicr 'Class V activities of PT were 
also reproduccc' by all the hybrid toxins. 

Of more interest were the *Class 2' activities of hybrid toxins, since these 
activities of the native toxin were not mimicked by the acctamidinatcd ot 
methylated toxin.. The hybrid toxins in which D2 was not methylated (H-AC 
aud H-Dl) were as effective as the native PT, while the toxins possesswgS 
methylated D2 (H-D2 and H-DD) were essentially without efject, in eliciting^ 
mitosis of lymphocytes. Thus, the mcthylation of D2 did, but die mcthyUtioh. 
of Dl or S5 did not, interfere wirh the mitogcnicity of the B-oligomer. It is 
Very likely that the free amino groups in D2 play an important rfile in bindjiAg 
of the B-oligomer to stimulate lymphocytes. 

The same influences were exerted by hybrid toxins upon the number of 
circulating leukocytes in vivo. H-AC and H-Dl were as effective as the native; 
loxin; the action of PT as a LPF was not impaired by methylation of subunils' 
other than D2. In sharp contrast, H-D2 and H-DD were much less effective; 
than the native toxin; the free amino groups in D2 must be required for che ' 
LPF activity to occur in vivo. These results obtained with hybrid toxins thus . 
give strong support to the foregoing idea (Section 5.2.2) chat divalent binding 
of che B-oligomcr to cause miiosis of lymphocytes is responsible for promotion ; 
of leukocytosis and other 'Class 2* activities of PT. 



6.3 Differential binding of the B- oligomer to target cells 

The bindmg of PT via its B-oligomer moiety to the cell surface is the first step ! 
for either the 'Class V or *Clasa 2' activities to develop in vivo or in vitro. The , 
role of the two dimcrs in binding was further studied by the dimer-induced ; 
competitive inhibition of the acdons of native PT in viirc 



Supplied by the British Library - 'The worlds knowledge" www,bl.ulc 



16. Sep. 20 0 4 1?:03 



irogcnic wuvitics of hybrid loxins 




KEMP & CO 



IO.502] p. 38 



POUCHES 



^ , - Yield (%) ^^ogcaic_;; 



yes 
no 
no 



45.8 
42.9 
57.6 
30.1 



ybrid) is followed by the componcntj thai 
' the A-prot.amer, C-iubuoit (55;, dlmw I 
f 

'OU 15 Uiicd: ( + ) active; (-) inacavft. 

on 5.2. 13 was again confirmed ihai the 
aciaJ for the A-protomer-transponing 
)pmcnt of the ADP-ribcsyhrajwferase 
, other 'Gass 1' activities of PT were 

;uvities of hybrid toxins, suuQce these ' 
mimicked by the acetamidinated or ! 
yhich D2 was not mechylaicd (H-AC 
ive PT, while the toxma possessing 
essentially without effect, in diciting 
tanon of D2 did, bm the mcthykiioa 
noitogcnicity of the B-oligomer. It is 
D2 play an important rfilc in bindiag 
es. 

hybrid toxins upon the number of 
H-Dl were as effective as the native 
impaired by mcihyJaiion of subunits - 
and H-DD were much less effective 
•ups m D2 must be required for the 
ihs obtained with hybrid toxins thus 
(Section 5.2.2) that divalent binding 
>hocytes is responsible for promotion 
cs of PT. 



cr to target cells 

ety to the ceJJ surface is chc first step 
cs to develop in vivo or in vitro. The 
irther studied by the dimer-induced 
uivc PT in vitro. 



MulttpU Biolo^cal Acriviiies of Pertussis Toxin 



135 



: 5. J. 7 Monovalent binding of PT via eiiTur dijtur J or dimer 2 to introduce the 
/^^proiomcT into cells 

Th£ toxin-induced glycerol release from fat adipocytes was chosen as a represen- 
tative index of 'Class 1' activities. The antagonism by two dimers of this action 
of the native toxin was characterized as follows- (1) eiihcx Dl or D2 caused 
ixihibition, though Dl was more potent and efficient than D2; (2) methylated 
01 was an inhibitor as effective as the native (unmodified) Dl, whereas methyl- 
ated D2 no longer acted as an inhibiroi. 

Thus, free amino groups of the lysine residues are essential for [he binding 
of D2 but not for the binding of Dl lo the cell surface. Hence, methylated D2 
is not capable of binding to the cell surface of adipocytes. Nevenheless, H-D2 
and H-DD, the hybrid toxins in which D2 was methylated, were essentially as 
effective as the native PT in stimulating glycerol release from adipocytes. It is 
likely, therefore, that Dl and D2 in the B-oligomer moiety of the toxin occupy 
the same sites on adipocytes or other cells to mtroducc the A-procomer moiety 
into the cells. In other words, the monovalent binding of the B-oligomer via 
either Dl or D2 to the same sites must be sufficient for '^ht entrance of the 
associated A-protoncr into the cells. The affinity for these sites was higher 
with Dl than with D2. Hence, lipolytic action of PT would be antagonized by 
either D! or D2 as in (1) above, while hybrid toxins in which Dl and/or D2 
was methylated were lipolytic agents, as potent as the native PT, because 
meuhylatcd Dl was able to bind to the sites on the cells with the same potency 
as the non-methylatcd Dl. 



6.J.2 DivaUnt binding of PT via dimtt I and dxmer 2 as a trigger of 'Clats 2' 
activities 

Miiogenic action of the native PT (or the native B-oligomcr) was antagonized 
by Dl or D2 in a competitive manner with the following characteristics: (1) 
D2 was four-fold as potent as Dl; (2) mcthylation interfered with the D2- 
induced inhibition but not widi the Dl-widuced inhibition. Thus, free amino 
groups ^erc essential for the binding of D2, but not for the binding of Dl, to 
lymphocytes as well as to adipocytes. 

The binding of the toxin via D2 was an indispensable process, for toxin- 
induced mitosis, since the hybrid toxins in which D2 was methylated did not 
act as mitogen (see Section 61). The finding that chc mitogenic action of PT 
was antagonized by Dl as well as by D2 thus lends strong support to the 
foregoing conclusion that divalent binding via two dimers is essential for 'Class 
2' activities of the toxin. As has been discussed previously, the divalent binding 
may lead to cross-linking of membrane glycoproiems which triggers mitosis 
of lymphocytes, glucose uptake by adipocytes, and probably other *Class 2' 
activities. 
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7. GTP-BINDING PROTEINS AS SPECIFIC TARGETS OF FT 

The target mokculc of PT, i.e. ihe specific subsrrate cf the toxiji-catalysci 
ADP-ribosylatioD, has proved to be a GTP-binding protein (G-proicia)j whic^ 
acts as a traneducer communicating between receptors and effectors 
racmbrancs of a wide variety of mammalian cells. The route of cellular signalling 
i£ as follows. The first step is recognition by receptors of cxtraccUuJar signaJal 
such as neurotransmitters, hormones, and auiacoids. Effectors are eithcrf 
enzymes producing such inxraccUuIar signals as cyclic nucleotides, diacylgly^| 
ccrol and inositol phosphates, or ion channels facilitating transmembrane^ 
passage of cations and anions. These intracellular signals and x)ns thggerl 
eventual cellular responses such as (i) cell mobili2auon, including musclel 
contracDOQ and rdaxadon and chemotaxis, (ii) exocytosis and endocytosis'S 
including endocrine and exocrine secretion and phagocytosis, (iii) energy meta-; 
bolism, (iy) cell proliferation, and (v) cell differendation. 

Thus, G-protcins play a pivotaJ rdle in the membrane signal transductioaf 
system which is responsible for physiological regulation of cellular funccions. J 
Once ADP-ribosylatcd by PT, G-proteins lose their function as transducers} 
(Muxayama and Ui, 1984). Hence, blockade by '?T of a cellular response to^ 
receptor siimularion, if it occurs, affords convincing evidence for an involve- j 
meni of a G-proicin in the signal system leading ro this response (Ui, 1984). -; 
A number of investigator? have taken advantage of this strategy; PT is in widc| 
use as a valuable reagent in several current research fields in the life sciences, { 
The detailed description of the toxin substrate G-protcins is, however, beyond J 
the scope of this chapter. The following is only a brief summary of what is:^ 
cuncndy known about G-protcins serving as specific substrates of PT-caialystd'c 
ADP-ribosylation: 

1 . Common properties of G-proteins so far discovered to serve as the substrate \ 
of the A-protomer of PT arc: (i) ihey are uixners, each composed of a-, 3-* ; 
and 7-subunitsi (ii) the a-subunit possesses a site occupied by GTP (or J 
GDP) and a site ADP-ribosylated by the toxm; (iii) the sire which is ADP- ^ 
ribosylaicd is a cysteine at the fourth residue from the carboxyl terminus of i 
the a-peptide; (iv) this cysteine is not ADP-ribosylated by the toxin unless 
the a-subunii is tightly associated with ^^-subunits to form a trimeric 
structure; the isolated a-suburui does not serve as the toxin substrate; (v) , 
the 3- and ^-subuniis are usually indistinguishable among these G-protcins, , 
they appear to be a mixture of rwo p-subunits (Mr 35 000 and 36 000) and : 
at least three ^-subunits (Mr - 5000-8000). Thus, each of the G-protcins 
15 recogiuzed by its a-subunit only (see below); (vi) there is also a common.: 
mechanism by which these G-proteins act as the transducer in various 
systems of membrane signal transduction. This will be briefly described 
later. 

Some of these toxin-substrate G-proteins have been purified and genes 
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encoding some of the a-pcptidcs have been cloned and analysed for nucleo- 
tide sequences (sec Ui, 1986 for review), A brief description will be given 
below for individual proteins. 

2. The G-protein first identified as the substrate of PT was G, with the a- 
subunit of Mr 41 000 (see Section 5.3 above). It acts as a transducer coupling 
receptors to adenylate cyclase in on inhibitory fashion (Ui, 1984). G, was 
purified from rabbit liver (Bokoch ei al., 1984; Karada « a/., 1984a,b,c) 
and bovine (see Oilman, 1984 for review) and rat (Katada ei aL, 1986a) 
brain. Purified Gi was actually coupled to receptors when it was reconstituted 
into membranes or phospholipid vesicles containing the receptor protein 
(Haga ei al., 1985; Kurose ei al, 1986, Asano ti al, 1985), The gene coding 
for the a-subunir of Gi was recently cloned and sequenced from rat glioma 
C6 cells (Itoh et ai, 1986), 

3. The G-protein next found to serve as a PT substrate was transducini the 
transducer located in the disc membrane of rod outer segments in vertebrate 
retinal cells. For visual signallingj the receptor is rhodopsin stimulated by 
photons, and the rflle of the f fFector is played by cGMP phosphodiesterase 
in the disc membrane (Tsuda e: aL, 1986). The thus decreased cytosolic 
cGMP is responsible for light-induced hyperpolarization due to closing of 
sodium channels in the plasma membrane. The a-subunit of iransducin, of 
Mr 39 OOO, in rod outer segments is ADP-ribosylated by PT in the darjc, 
which retains this G-protein io its inactive GDP-bound ap'y-trimer form. 
Visual signals arc thus blocked by PT. 

4. In addition to Gi, two other PT substrates have been purified from rat brain 
(Katada « al, 1986a,b, 1987). One is identical with Go which had been 
isolated from bovine brain. The Mr of the a-subunit of Gc is 39 000, though 
it differed distinctly from a of transducin in its invmunochemical properties 
and susceptibility to tryptic digestion. The other is also a trimer with a 
novel a-subunit of Mr 40 000 (Katada ei al., 1987). The ano-suburut was 
distinguishable from the ot-subunits of other G-proteins (i.e. aii of Gi, 039 
of Go, and a^^ of transducin), since it did not interact with the antibodies 
raised against these a-subuiuts. The physiological r61e of Go and a4oP7 in 
the central nervous system is unknown. 

5. There are a number of recent publications reporting that G-proteins play 
an important role as the transducer between receptors and phospholipasc C 
in a variety of cell types (Ui at a/., 1984c; 1985d), These G-proicins arc 

i§'ii occasionally referred to as Gp, where the subscript p stands for phospholi- 
WM pase. Some Gp have been identified as the substrate of PT-caiaiysed ADP- 
ribosylfltion, while others were insusceptible to the toxin (Murayama and 
Ui, 1985, 1987a; Kurose and Ui, 1985; see also Ui, 1986 for review). 
For instance, receptor-mediated histamine secretion from mast cells and 
superoxide anion (O2") release from neutrophils were blocked by prior 
exposure of these cells to PT which caused ADP-ribosylation of a membrane 
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proxcin with the Mc value of around 40 000, dcspiic the fact that cAMP U. 
not involved in these ceUular responses (Okajiroa and Ui; 1984; Nakaraura 
and Ui, 1984; OkajLma et al. 1985), Later studies revealed that the PT " 
substrate coupled receptors to pbospholipasc C directly m these cell types 
(OhlB Bi ai, 1985; Nakamura and Ui, 1985, Kikuchi et al, 1986). Likewise, i 
proliferation of 3T3 fibroblasts was suppressed by PT when DNA synthcsU \ 
was triggered by certain competence factors (Murayatna and Ui, 1987b), ■ 
No evidence has been provided thus far for or against the idea that the; :■ 
toxin subsuate involved in these types of signalling is identical with a, Go ■ 
or a4o37 as mentioned in item (4) above. Recently, a novel G-protein, ; 
a*o(i^, has been purified from HL-60 cells that had been differentiated to 
reticulocytes by means of dimethyl sulphoxide (Oinuraa « a^, 1987) but its 
rclaiionship to a«P7 purified from rat brain (Katada ci ai., 1987) is not 
known. 

6. PT-substra:e G-proteitss are also coupled to ion channels in a posiuvc or , 
negative manner without mediation of cAMP or other intracellulflr messen- ■ 
gcrs. Muscarinic (M2) receptor-linked activation of pocassiuXD channels is ^ 
blocked by PT in rat auial cells. Likewise, calcium channels are coupled to -^ 

' a GTP-binding protein in certain endocrine cells in a manner susceptible to . 
PT treatment of cells (Ui, 1986). These PT-subs'jate G-proieins arc not yet ; 
identified, and hence are often referred to as Gj. A G-protcin in sea urchmi 
eggs is also capable of being ADP-ribosylatcd by FT (Oinuma tt ai, 1986). 

7. G-protcins undergo reversible transition between the trimcr and dimcr, i.e. 
bewecn GDP-bound a07 and GTP-bound a and 37> which is related to ' 
the mechanism for these G-protcins 10 act as ihe transducer (Katada et aL, ; 
1986a). The GDP-bound 0^7 is associated with a receptor, thereby • 
increasing the affinity of the receptor for its specific agonist. This GDP- 
bound trimer form is an inactive state of the G-protein in the sense thai it ■ 
is not interacting with effector. Stimulation of the receptor by the agonist 
results in its dissociation from the G-proiein and the displacement of GDP 
by cytosolic GTP on a which is in turn resolved from Pif. This is the active* 
stare of the G-protein, since cither GTP-bound o or p7 thus Uberatcd from : 
the receptor is capable of direct interaction with effector. GTP is then- 
hydrolyscd to GDP on a due to its GTP-hydrolysmg activity; the resultant 
GDP-bound a is quickly re- associated vnth 37 to recover the initial inactive 
state of GDP-bound tnmer. Thus, signals are transduced from receptor to. 
effector by rcpciidon of this cycle between GDP-bound afi^ and GTP- 
botind a and p-y. 

8. Finally, only a bare mention will be made below of G-proteins not scxvmg 
as the substrate of PT. The protein encoded by a ras gene, one of die- 
oacogcnes responsible for mammalian cell prolifcraiion, is also a GTP- 
binding protein, which is referred to as p21 based on its Mr value. Just hkc 
the a-subunits of PT-subsiraie G-protcins, there is a cysteine residue a: ihc^ 
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fourth position from the carboxyl terminus of p21. This cysteine is, however, 
not ADP-ribosylatcd by PT, but insiead is acylated by a fatty acid which 
plays an important rflje in atiachmeni of p21 ro the inner surface of pJasxna 
tnccabranes of mammalian cells. In the case of the yeast, Saccharomyces 
cerevisiae, the ras gene codes for a GTP-binding protein which is larger in 
molecular size than p21 and acts as a regulator of adenylate cyclase. This 
G-protcin in yeast is again not ADP-ribosylatcd by PT or other baccerial 
toxins. 

8. SUMMARY 

Most of the recent, studies on PT have been accomplished with preparations 
which were purified on the basis of its activity as islet-activating protein (lAP). 
PT thus purified possesses a complicated subunji structure that i3 responsible 
for the occurrence of diverse biological activities of the toxin such as those of 
LPF, HSF, HA, MPA, adjuvant, mitogen, and lAP. 

PT is a hmmer of five ddssiruilar subunits: S], S2, S3, S4, and S5. It is one 
of the A-B toxins (Gill, 1978). The biggest subunit, Si, is referred to as the 
A-protomcr, while the residual five subunits constitute the B-oligomer in such 
a manner thai wo dimers, Dl composed of S2 and S4 and D2 composed of 
S3 and 54, are connected with each other by means of S5, the smallest subunit. 
The B-oligomer binds via the two dimers to particular glycoproteins on the 
surface of a variety of mammalian ceUs. This binding is the first step of the 
development of biological activities of the toxin in mammals. The free t-amino 
groups of the lysine residues in peptides play an essential rCle in the attachment 
of D2 to The cell surface but not in the attachment of Dl. The blockade of 
these amino groups by chemical modification revealed the dual mechanisms of 
B-oligomer binding to target cells and ihe relative r61es of the two dimers 
therein. 

One of the dual binding mechanisms is responsible for the ADP-ribosyLation 
of cellular proteins. In this case, the B-oligomer binds to a site on the cell 
surface via Dl or D2, although the affinity of Dl for this one-point aitachmenx 
is higher than D2. This type of binding results in internaUzation of the A- 
protomcr into the target cells. The slow internalization is reflected in the lag 
time preceding the onset of biological activities related to ADP-ribosyladon in 
VIVO or in intaa cells m tntrv. The A-proiomer, after entry, undergoes intra- 
cellular processing to be converted to the active ADP-ribosyltransferaae. This 
processing can be mimicked by the incubation of the native PT with ATP and 
diihiothreiiol. The ADP-ribosylation of particular membrane proteins, GTP- 
binding proteins' (G-proteins), by this enryme is the mechanisjcn for the activities 
of PT listed under/Class V and 'Class 3' in Tabic 1. 

ADP-ribosylation proceeds selectively at the cysteine residue of the a-subunit 
of the toxin-subsuatc G-proieins. In a variety of mammalian cells, the G- 
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proieins transduce extracellular signals to the intrecelluJar effector systems 
under physiological conditions, bui are not able to play this r6k any longer 
after being ADP-ribosylated. The thus-clictted blockade of cellular signalling 
a I the membrane transducer level is responsible for development of *CIass 1' 
and 'Class 3* acti vines of PT. 

Another binding mechanism is. the divalent or two-point attachment of the 
B-oligomer via Dl and D2 to the cell surface; D2 shows a higher affinity than 
Dl for their owti binding sites. This divalent binding produces cross-linking 
of glycoproteins on the ceil surface, which triggers, by itself, a cascade of 
intracellular signalling processes evcnrually leading to proliferation of lympho- 
cytes, glucose utilization by adipocytes and contraction of endothelial cells, etc. 
This is the mechanism tmderlying the 'Class 2' activities of PT in Tabic 1 . 
Since free amino groups of the lysine residues in the D2 moJeciile are essential 
for its binding to the cells, none of the *Class 2' activities were provoked by 
dimeihylatcd or acetamidinated PT. 

ADP-ribosylation catalysed by the A-protomer is not involved in the 'Gass 
2' actividlcs. The actions in vitro of PT listed .^nder the category of *Class 2' 
are, therefore, mimicked by the B-oligomer separated from the hoJotoxin, The 
B-oligomer is, however, unstable in vivo unless it is associated with the A- 
protomer and alone is not capable of producing 'Class 2' activities in vivo, 
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ADP'Ribosyltransferasc Activity of Pertussis Toxin 
and Inuuunomodulation by Bardetella. pertussis 

W J. BiACK,* J. J. MUN02, M. G. Peacock, P. A. Schad, 



Pcrmssw tana is produced by the causative agent of tvhooping cough. Bor^UtOU 
^TT^, diphosphate (ADP)-ribosyl«tt«rf«re capable of 

covalcnriy modifymg^d th«by inactivating x«ny eufc«yotic G p^ouo. ^Svcd ia 
«U„Ur m«abohsm The to^ is a prineipj dcormlnaa; of vinjcnce « whooping 

whether the App.ribo^I«asfe«« amviry i, r^ired foTb^ Jatfaogei^l^ 
«»niunop«>,octive a«,v,rie,. KB.fenusA str*w th.t produced «, assJi»bkdp«u«is 
holotom w,th only 1 percent of the ADP-ribosyltraarfcrase activity of U.e n.^^xin 
wa,^cowtructed «,d waa found to be deficient in pathogaic acdvitie. ..«Kiatal with 
mductMn of Inikocytosij. potentiaiio* of anaphylaxto, and 
st«nulat,on of hx««nme sensitivity. Moreover, this mutant «tt«n failed to Son a. 

^f^*^^'"* ^' ^ '•"^^B "^"^ ^ intracerebral challenge 

mfectioa These data suggest that the ADP-ribosyltruuferaac activity i, necessary for 
both pithogewciiy and optimum inununopwectlon. These findings bear dirocth- on 
the design of a nontoxic pertussis vaccine. 
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for chc induction of IcukocyiDsis, (^15), the 
pottnoadon of acuphykxis (4, 14, iS.)/and 
the admuladoa of histamine scnsiuvicy (4). 
Wc liso examined rfic capacity of rfic strains 
CO serve as adjuvants (4) and their imrouno- 
protccdvc activity against cxpcnracncal B. 
pfrrussis infection in mice (26). 

A B. pertussis strain with a nonpoLar muta- 
tion that alicrvrd the primaiy souccurc of the 
pertussis toxin SI or ADP riboayitmnsfcrwc 
subunit was constructed by in viae linker 
scanning muagcncsis (77), followed by alle- 
lic c3changc (la, 19) of the mutation into 
the penum chromosome. This mutation, 
pvxKZ20\, introduced a 12-bp insertion at 
the Sai I restriction site of the SI gene (Fjg. 
1), maintaining chc reading frame integrity 
and introducing four novel codons, for VaJ- 
A*p-Gly-Ser, between TVr"^ and Val**' 
(12). We chose chu site jfor modification 
because of its proximiry to GIu'^**, CoUier 
and co-workers have sliown that for each of 
two other ADl>-nbosyltrwfcra*c toxins, 
diphtheria toxin and pscudoraonaa cxopro- 



P£JlTUSSrS TO^IN IS THB PBIMAJRV 
determinant of virulence produced by 
Bord4JteUa pertussis in whooping 
cough {1-3). Aspects of the systemic padtoj- 
ogy of the disease, including lymphocytosia 
and hypoglycemia, can be reproduced in 
laboratory aaimais with purified toxin alone 
{4), The tojun is composed of five dissimilar 
polypeptides that Can be divided into turo 
functionaJ subunits (5); an ''A" monomer, 
Si, mediates adenosine diphosphate 
(ADP)-ribo3ylation of host G proteins (6), 
.and a "B" oligomer, composed of four dif- 
ferent polypeptides, designated 52 through 
SS. mediates binding of the loxin to host 
tissue (7). TWo molecuJar mechanisms of 
pathogenesis have been proposed forperois- 
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Sis toxin. The fint is the ADP-ribosylation 
and ooncomitanr inactivation of host G pro- 
teins involved in normal cuka^yotic cell mc- 
Qboiism {6). The second mechanism is the 
icciin-Uke binding of the B oligomer to 
eukaryotic cells (7), which has been pro- 
posed CO aa micogccucally to cause the 
lyinphocyrosifl and other immunomodula- 
Bory activities mediated by percusais toxin 

Pertussis toxin b also found in, and is 
considered to be a primary protccuvc com- 
ponent of, both the traditional wfhole-cell 
(2j 9) and the newer acdlular {10) formula- 
tions of the pcrrusais vaccine. However, 
there is speculation that active toxin present 
in ^the vaccixjcs may caaw oeruin rare but 
Serious vaccination sequelae including hypo- 
tonic, hyporcsporuivc syndrome, convul* 
sions, and encephalopathy {11). Recent ef- 
forts to clone die toxin genes (12) arc in pair 
predicated on the proposition that an cnzy- 
matically inactive version of the tcodn mole- 
cule produced by modified toxin genes 
might serve as a valuable component in a 
defined vaccine. Wc were intcrrstcd in de- 
termining the. contribution of the ADP- 
ribosykransftrasc activity to pathogenesis 
and immunoprocDCrion and so constructed 
B, psrttasis strains with defined mutations in 
the toxin genes. These genes were assayed 
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fig. t. Pertuiai* «>xin operon mutadons. Defined 
xnuwtuina in the pcmwais toxin opcron were 
constructed in vino by means of staadUrd rccoxn- 
binanr DNA tcchroJo^ (30) aid introduced into 
the chromotomc of B. pertussis main jaP370 {18) 
by allelic exchange [IB, 19). The parental 
ptrrussts luain, PXX*, BP370, contaixw a polyciv 
iroojc anangcmcnt of the gene* for the five toxin 
polypeptide lubunio {12, J8). The SI codon 
inscnxon derivative, TOXa^Ol. contains a U-bp 
Lucirion, GACGGATCCGTC, at the Sail site i 
chc SI gene, introducing the amino adds Val- 
/^Gly-Scr into rfu: Si polypeptide between 
S^IL o"** The ASl derivative 

TOX058, contains a deletion of chc 3' half of the 
SI gene, ftoui the Sal I sire to the Xba I rite, 
l^wng the SI codon fbr Asp'*' to the nop codon 
m the Xba r 5iDc. The oonstmcoon of TOX3201 
(IP) and TOX0S8 (27) ii described in greater 
detail dUcwherc. TOX3201 was previously dctie- 
POP^-^SiOl ^^P). The hx- dcrivauv^, 
TOX3311, hw a delenon extending ftom about 
200 bp iiwidc the S' end of the Si gene down 
through about XIOO bp 3' of chc S3 gene, and a 
W gene {26) Upttod mco die breach {18). The 
rTX TOXd105 derivative b« an iatcrtion of 
the koH' gene abcuc 800 bp 3' of die toxifl 
nx^Ktural genes {18). The rXX\ TOX5167 dc- 
nvittve hu an injcrrion of chc W gene about 
400 bp $' of the toxin KTUcrural gcnei (IS). 
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Fig. Z TOX3201 croort «iid assembly. Pcmusis 
toxin* wcrt puoficd from culturt: suptmatantt of 
^ttAiaj BP370 indTOX3201 by fcuun^Scpharoic 
affimry chromirography (Z2). On analyBM t>y 
SDS-polyaCfjrlamidc gd cloccrophOrTO (25) and 
Ooomiiiic blue jtauuog, both cfac TOX3301 
(Unc i) and the B?370 (lane 2) xxxans exhibited 
iii of the jubunits of a complete hoioi03un nruc- 
rurc (5, 22). Wc«em unmunoblot (24) an^is of 
the TOX3201 tojcin sb<y^ reactivity with 
monocloaal uidbodics to the SI (lane 3), 52 (lane 
4), and S4 (Unc 5) lubunits of pemusai coxin. 
Molecular mAw sundards are indicfltcd by aftovi 
and arc given in kilodaltom. 



icin A, a Olu residue is a critical componoat 
of the enzymatic active sirci (20), Chou and 
Fasnun analysis (22) of the Glu'*^'Tyt"*- 
Val'"^ region of the SI subunit of potiwsia 
toxin, pre dieted beta stniourc that the four- 
amino acid loscrtion of ^i5cA3201 would 
inrcrnipt with a mm. 

The toxin molecules produced by the 
oodpn inscoion inutanc straio, TOX3201, 
and the parental saain, BP370 {18), were 
puri£cd from culture supernatant by fciuin- 
Scpharosc afiioity chromacography (22) for 
comparison by SD5-poiyacrylamidc gel 
clcccrophoKsis (23) and Western immuno- 
blor (24) (Fxg. 2). The toxin molecule pro- 
duced by TOX3201. \uhich wc designated 
CKM3201, has an Si subunir of a larger 
appartnc molecular weight than the native 
toxin SI subuniL This appropriately reflect- 
ed the inscrdon of four anxino acid* into 
the Si polypeptide of CRM3201, The 
CRM3201 molccuJc was aUo found to con- 
tain Che polypeptides of the toxm B oUgo- 
mer, 52 chrou^ SS, and was found to be 
cquivalcnr to the native toxin in its ability to 
hemagglubnaoc goose erythrt>cytes (22). 
CRM3201 had, however, only 1% of the 
ADP-nbosylcransfcrafic activity of the native 
Win as assayed by the APP-ribosyUtioa of 
tranfiducin (25). The pzxAZlOl muuuon 
thus may define a region of the SI polypep- 
tide involved m thift en2>TtnaQc activity. In 
sum, these data suggest that the CRM3201 
toxin molecule is caporred as an assembled 
holocoxin with a functional B oligomer but 
a substandaJly ksn active 51 ADP-ribosyl- 
transfcmsc subunir 

In assays for biological aictivtaes. several 
29 APBUt tp88 



Other B, pcfttusis strains were selected for 
comparison with TOX3201 (Fig. 1). These 
included a nontoxinogcnic strain, T0X3 311 
{18\ containing a kanamycia rcsiscaocc 
(W) gene [26) inserted in place of the 
toxin opcron, and two toxinogcnic 5. pertwj- 
xis straiw, TOXS105 and TOX5167 (i^, 
containing inscrriom of the hm^ gene out- 
side of the tooio opcron. We also tcwod 
wain TOX058, in which the 3' half of the 
SI gene, 6om the Sal 1 to the Xba I 
restriction «itc«, had been deleted. The con- 
Jtruction and charactCTizadon of TOX058 
will be described in derail elsc^vhcie (27). 
The 3. psrtusm strains containing all of diesc 
mutadons were derived from our virulent 
lab main JBP370. 

The induction of Icukocyrosis in mice {4) 
by the J?, psnusris strains was mcasujtrd 4 
days after an intravenous (IV) injection of 
the strain* (Fig. 3A), Mice injected with 
8 trains producing the native toxin, BP370 
and TOX5105, developed a dosc-dcpcndcnt 
leukocytosis. Curiously, strain TOXS105, 
which contains an inscrrion of the htn' gene 
outside of the toxin structural geacs^ ap- 
peared siighdy less potent in promoting 
leukocytosis. This may rcflca a genetic effect 
of this particular inscnion mutation or a 
physiological effect of the kan' gene produa 
on toxin ciporr or assembly. In contrast, 
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che codon insertion mutant TOX3201 as 
well u TOX058 and the noncoxinog^c 
TOX3311, induced cascntialJy no leukocy- 
tosis. 

Wc measured the potastiaiion of anaphy- 
Jajtis 10 two diflEettnt antigens, chicken egg 
albumin (EA) in CFW mice (4) and bovine 
scrum albumin (BSA) in BALB/c mice {24, 
2S). The CFW mice were; given concomi- 
tant intraperitoneal (IP) injccdons of EA 
and hcat-icillcd B pertussis, and scn^iuzation 
was indicated by a lethal anaphylaxis upon 
IV challci^e with EA 14 days Utcx (Fig. 
3B). The native toxin-producing str^s 
BP370 and TOX5I05 displayed a dosc- 
dcpcndent sensitizing activity. Similar to the 
leukocytosifl induciion, the km' insertion 
mutant TOXSlOS waa less poocnc In eon^ 
trast, che codon insertion mutant* TOX- 
3201, the SI deletion mutant, TOX058, 
and the nontoxinogcnic TOX3311 were all 
ineffective in potentiating anaphylaxis. The 
rmcc were icnsioaed to BSA-induced ana- 
phylaxis by injection, for 4 days, on altcniai> 
ing day^ with BSA and with the B-^irtMow • 
strains. Anaphylaxis was induced by inject- 
ing mice 5 to 7 days after the scnsidtcacion 
regimen with BSA. In che BSA scnsidzacion 
challenge, wc substituted B. penuisu strain 
TOX5167 for TOX510S. TOX5167 also 
contains an insertion of the Jbtn*^ gene, also 



H !i ^™^^on of BSA anaphylaxia <ujd stimulation of histamine jcnaitivity. BSA anaphvJaxifl ha» 
been rcfcrrDd to ai pcmism vaednc cnocphalopaihy {14). Bar^dia pemss^ ,tr«w wc^XS «d 
admm^rcd as imported for hisiamine challenge (4)\nd BSA chauLige {14). ND, no.^^^ 



Scrains 



CPU K lO' 



BP370 



TOX5167 
TOX6105 



TOX33n 



TOX3201 



TOX059 



PBS only 
PTXt 



BSA challenge 
(deaths/total)^ 



HifcaaiixK chaltcngc 
(dozhs/toial)* 



10 

5 
2 

04 

0.08 
5 

94 

2 

0.4 

0.08 
9.4 
S 
2 

0.4 
0,08 
10 
5 
2 

0.4 

0.08 

9.2 

5 

2 

0.4 

008 

0.0 



17/29 (59%) 
26/29 (90%) 

O/30 (0%) 
0/30 (0%) 
O/IO (0%) 



ND 
71/83 (86%) 



10/10 
ND 
10/10 
10/10 
3/10 
ND 

lo/io 

10/10 
2/10 
O/IO 
2/10 
ND 
0/10 
0/10 
0/10 

1/9 

ND 

0/10 

0^10 

O/IO 

2/9 

ND 

0/9 

1/9 

0/9 

0/19 

ND 
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F(g. 3. Lcukocjtojij, an2- 
phyhxU, adjuv-anoQcy, *nd 
IOC A key CO the saaku u 
prcacnwd in (DJ. Die 
wains wcrt: PTX'*', 
BP37D; FIX", TOX5105, 
m-, TOX33U; SI co 
don, TOX3201; and ASl. 
TOX058. Conaols arc pec- 
scnoed 25 a prrtuBv doic 
of 0 CFU. (A) Leukocytes 
sii. Lcukocytx>si3 was fDca- 
SUftd (-f) in :i Qyuircr 
counter 4 days afta IV ir- 
jccaon of B ptnassis vac- 
dncs (itf). Values rcprescnc 
levikocytc count per cubic 

millimcrer «id arc avcxagcs oa«« x lo^crv „„„ 

from five aninulii bw n^raem 1 SD. (B) AjwphyUxis. CFW mice y»m 
scnsidzcxl (4) to EA widi VI n> dose of 1.0 mg of Che ant^ 
the B psmunr «aains. Mice were challenged 14 day< Ihet with 1.0 mg of EA 
given IV RcsulD arc the pcreojragc of mice that died of aaaphyJaudi. For cicb 
graph vtlue the number of animali wa* fclO. (C) Adjuvaniicicy CSTBblO 
SCNmiccicccjvedl.0mgof£ACPand2x 10» OFU of hcar-kiUod fl. pmww 
rv on d«y 0. On diy 21, mice itcdvcd a second IP injocaon of S ug of EA. 
Mice were Wed on daya 16 :v)d 28, and we D™cd sera for anri-EA bymcam of 
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cnj^-linkcd immunotorboH auay (BliSA) using microliter phca coaiod 
with EA. Mice rrcaving EA anngco without any B. pcrtm ait indicausd 3i 
«bnc Ead» value rcprttono throe animi; \m rtpixjent 1 SD (D) 
ICC. InopKcrcbnJ challenge procoction- IW-wcck-old CFW mice iiomuoacd 
IF wiA 3,ptTtuav pKpticd u vaodnci (irf) wtn= challoigcd intreacrebnliy 14 
day* lattT with 10' CPU of JS. pmmm jorain 18i23 (2tf). Values ^re prcsental 
as poomt survival of chaUcngcd mice, and each wprcsaits n tot IS animals. 



oursidc of chc cocrin opcron (Fig. \\. We 
found char whcreai a dose of 5 x 1(/ colo- 
ny-forming uaiis (CPU) of B. pertusns 
strains BP370 and TOX5167 icd to a high 
percentage of scmirizflcion, the ptx mucant 
saains TOX320 1 , TOX058, and T0X3 311. 
were entirely unable lo potcotiatc an ana- 
phylacuc response to BSA (Tible 1). 

The, jcnsidzacion of mice co a lethal chal- 
lenge with the vasoactive amine histarninc 
ha* also been proposed to reflect a direa 
action ot the B oligomer^ in this instance, on 
chc vascular endothelium to increase vascu- 
lar pcimcability (#). The sensicieing anivj- 
tics of our B petTussis strains wncre deter- 
mined by injecting mice IV with hcat-idllod 
5. pertussis followed 4 days later by EP 
challenge w,ch histamine (4). The toxino- 
gcnic strains BP370 and TOXSlQS in- 
creased the sensitivity co histamine in a dose- 
dependent fashion (Table 1). The mutant 
6irauuTOX3201,TOXOS8, andTOX33U, 
in contrast; wtrc substantially free of thj 
activity. Thus, our data suggest diat with 
regard to viducuon of leukocyrosis, potenti- 
ation of anaphylaxis, and stimulation of 
histamine sensitivity, a B. penmns strain 
producing an assembled holoioxin thai is 
reduced in ADP-ribosyliran&fcrasc activity i« 
reduced in pathogenic potential to chc level 
of a noatoainogcnic organism. 

The adjuvaabcity of pcmiasis toxin in 
experimental animal models is well docu- 
mented (4y 28) and may conoribute func 
tionaily :o the efficacy of the Avhok-cell 
pertussis vaccine [l, 2). The role of chc 
.\DP-ribosylDransferasc activity in the adju- 
vant action, however, has been disputed (5) ; 
wc therefore tested the mutants for their 
adjuvant activity in the production of anti- 
bodies to chc antigen EA (Fig. 3C). 

6j8 



C57BL/I0 SCN mice were injected con- 
comicandy with EA and heat-killed B. per- 
tussis and were .oacasurcd 14 days later for 
anti-EA rirors. The tDxinogwiic par«nUl 
sixain, BP370, exhibited a marked adjuvant 
action on the production of antibody to EA. 
Thc utcfs Were increased further by a small 
secondary injection of EA given on day 21. 
The cQxinogenic bam^ strain, TOX5105, also 
manifested an adjuvant action, though it 
was less apparent until after the secondary 
immunization of EA. In contrast, concomi- 
tant injection of EA with the ptx mutant 
strains TOX3201, TOX058, or TOX33il 
showed no adjuvant effect after cither the 
primary or secondary injection. 

To ftirrhcr investigate the loss of immu- 
nostimulation seen with the pix mutants, 
their ability to protect mice from a lethal 
intracerebral chaUcnge (ICC) infection with 
B. patums (16) was studied Though it was 
apparent that the rautationj in the SI sub- 
unit gene would interfere funcuonally with 
the adjuvant activity of B. pertustis^ wc fclc 
that the assembled and exported CRM3201 
holotoxin molecule of TOX3201 might still 
serve, at least structurally, as an efficacious 
imirnmogcn. The ICT, infection is used to 
assay the potency of pertussis vaccine prepa- 
rations m the United Scaies, and mvolves IP 
immunixation of test mice with whole- cell 
vaccine preparations, followed 2 weeks later 
by an ICC widi the standard virulent strain 
of S. pertussis, 18323 (16). Both the wild- 
type and the mutant strains of 3. pcrtussii 
provided a dosc-dcpendcnt degree of pro- 
tection against ICC infcction (Fig. 3D). 
However, the dosc-rcsponse cuxva for chc 
ptx mutant strains TOX3201, TOX0S8, and 
TOX3311 were lower than those of the 
strain* producing the native toxin. At the 



highest immunizing dose, protection with 
the native toxin-producing strains ap- 
proached 100% of a cohort, whereas at 
similar doses the SI mutants and the noo- 
toxinogcnic mucant induced only about 
70% protection. This would seem to indi- 
cate that chc ADP-ribosyltransfcrase aaiviiy 
IS critical for optimum irnmunoprotoction. 
An alternative explanation, that the region 
of die SI polypeptide that wc akcred with 
pofA3201 may be a aitical stniccuraJ epi- 
tope, is unlikely since it has been shown that 
an SI polypeptide alone containing the na- 
tive Glu*^-Tyr*^i-Val'« region is in incffi- 
caaous immunogcn {29). 

Taken together, our results regarding leu- 
kocytosis, anaphylaxis, adjuvaniicity, and 
vmmunoprotection of mice fiom an ICC 
infection suggest that the ADP-ribosyltrans- 
fcrase activity of pertussis cootin correlates 
dirccdy with the imraunomodulatory activi- 
ties of a B pertussis strain. TOX3201 pro- 
duces an assembled hoJotoxin with t re- 
duced ADP-ribosyltrarufccasc activity and 
was reduced in these Immunopathologic 
and immunoprotcctive activities. These dita 
imply that mutations in the toxin genes that 
reduce pathogenic activities of a strain such 
as leukocytosis can also reduce the immuno- 
protcctive capacity of the strain, iliis is an 
important consideration in the formulation 
of future pertussis vaccines. 
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Immunotherapy of the Nonobese Diabetic Mouse: 
Treatment with an Antibody to T-Helper Lymphocyte s 

^T^HBRB 18 INCRKA8ING EVTicEKCB ccU rjpc responsible for rslet ccU dcstiuc^ 

don in NOD mice arc not dearly dcUncaccd 
{S). However, recent studies suggest chat 
chc T iyrapKocyte subset cdat expresses the 
L3T4 surface maicJccr is important in the 
pathogenesis of the disease (9). T lympho- 
cytes of the L3T4 phcnotypc arc a disdna 
subpopulation of mature T ccUs chat ftmc- 
tian as helpcr-induGcr cells in the aetivadon 
of boch humoral and cellular inununity {10). 
pic L3T4 lymphocyte jubscc h responsible 
for MHC class n-rcscrict«i anagcji rtcog- 
nirion on antigen-presenting ccUs {21); the 
human homolog to the murine L3T4* T 
ctU i» die CD4* T cell (II). We have been 
able ro block the progression and subse- 
quent expression of overt diabetes in NOD 
mice by a coutsc of rreamieni with a mono 
clonal antibody to UT4/Such an ipprtJaiJi 
may be feasible for treatment of patients 
with subclinical manifcscations of EDDM, 
«mcc virc show that antibody therapy initiat- 
ed lace in disease progression wis effective in 
rcvcrsmg the advanced phases of islet cell 
dcytruaion. Moroovcx, upon cesfiacion of 
dicrapy chc mice have remained disease- free 
without further trcacment. 



I thai human insulin- dependent cUabc- 
meHitus (IDDM; vs. an autoim- 
mune disease and th*t IDDM results from 
immune destruction of the insulin-produc- 
mg 3 cells nomnally found in die islets of 
Langcrhans.(i), Nonobcsc diabetic (NOD) 
rruce- spontaneously develop diabetes (2) 
resembling human IDDM, A* in human 
IDDM, d^c NOD mia have progressive 
lymphocytic infiltration into die islets (insu- 
iitis) before the cscpression of overt djiabccci 
(-2-*), and cytoplasmic antibodies co xsJcc 
o=Us appear in their scrum durfi ig the dcvcl- 
opmcnc of msuJids (4, 5). Susceptibility co 
diabetes in both humans and NOD mice is 
Btrongly assodatcd widi genes of the major 
hurocompaubUicy ' complex (MfiC) (6) 
Overt diabetes is characterized by polyuria 
polydipsia, hyperglycemia, and glycosuria^ 
and NOD mice develop acute ketoacidosis, 
which IS to unless the mice are trcEted 
with insulin (2, 7). 
The ypcciHc immunologic pathways and 

i9 APRIL 1988 



Tte monoclonal antibody used in these 
studies, GKl. 5, is a ocU-depIenng atidbody. 
When administered to mice at doses greater 
than 300 »ig, du3 ar^tibody causes sustained 
reduction of more than 90% of the circulat- 
ing UT4* cclU (22). GK1.5 has been suc- 
ccssfxlly used m vivx> as an immunochera- 
pcutic agent ro treat other experimental and 
spontaneous autoimmune diseases, includ- 
ing systemic lupus erythematosus (23), ex- 
perimental allergic cncephalomydios <J4), 
and type n coUagcn-indvjccd arthritis (15)] 
In addidon. a single courjc of this antibody 
has been shown to allow indcfinjct accept- 
ancx of transplanted albgaicic muriitc islets 
of Langerhans (26). GKLS and orficr anu- 
bodics co L3T4 are particuJariy ffuitablc for 
scrodterapy, since these reagents can sup- 
press chc humoral immune response {12, 27) 
and induce tolerance to select ptotcm and- 
gens, including the monoclonal andbodv co 
UT4 itself (i7). 

When NOD mice arc 30 to 50 days old, 
mononuclear cells begin co in61cracc the 
pern^seular and-periductal areas arotmd die 



Table 1. Pievcrvcion of diabcteB in NOD mice by 

anfibody GKI.S (immunoglobulin G2b) to moinc 
Lar-^ puxificd from vdttB fluid, ivas adnjici#tcred 
intnperironcxUy to 90- to llO-day-olri NOD fe- 
male mice. Incidenoc of diabcoa is shoivn « the 
rano of the number of diabetic mice to tneO 



Amount of 

GKl 5 
admirvisDCxed 


Ind- 
dcnoc 
of 
diabetes 


Tjiieof 
on«et of 
diabctct 
(diys) 


600 

*0P, thca 100 

Wookly 
None 


18/21 
29/35 


157 ±33 

lSdr43 
173 = 42 
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